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Currently, short tandem repeats are used in forensic DNA typing to identify the 
DNA profiles recovered from evidence samples and deceased individuals.  Recently, 
SNPs that are related to pigmentation have been researched for their use in the 
identification of phenotypic traits.  The development of a SNP panel that could successful 
identify the eye and skin color of an individual, would be immensely useful in missing 
person cases or mass disaster victim identification.  Eight SNPs were selected into a 
SNaPshot assay that could accurately predict eye and skin color, five for eye color and 
six for skin color.  Development of the SNaPshot assay begins with development of a 
multiplex PCR.  A multiplex PCR of these eight SNPs was developed to be incorporated 
into this assay, so it can be used for identification of phenotypic traits.  Primer pairs for 
each of the eight SNPs were tested in singleplex reactions for their accuracy and 
efficiency.  Successful primers were subsequently pooled into multiplex reactions to 






DNA is the genetic material that is inherited from our parents and passed down 
from generation to generation.  When making a comparison of two randomly selected 
individuals, it is observed that 99.9% contain identical DNA, while the remaining 0.1% 
contains variations between individuals. These variations are what make individuals 
unique and are the focus of forensic DNA typing.  Currently, forensic DNA typing 
involves the use of short tandem repeats (STR) as genetic markers to differentiate one 
individual from another.  These STRs are DNA regions that contain repeating units 4 
base pairs in length.  STRs have become popular DNA markers because the number of 
repeats in STR markers can be highly variable among individuals, and occur on average 
every 10,000 nucleotides (Butler, 2009).  Forensic DNA typing involves generating the 
DNA profile of an individual at 20 Combined DNA Index System (CODIS) loci, which 
can be compared to the CODIS database for any potential DNA matches. 
While STRs remain the most widely used genetic markers in the human genome 
for forensic DNA typing, other markers, such as single nucleotide polymorphisms (SNPs) 
are being studied for their use in forensic evaluations.  SNPs are a single-base sequence 
variation between individuals at a specific point in the genome (Butler, 2009).  STRs 
require a certain detection length for forensic DNA typing, and in situations where the 
DNA may be substantially fragmented, no results can be obtained.  Since SNPs are much 
smaller and can have much smaller PCR fragment lengths, SNP testing should provide 





SNPs can be categorized into four different uses for forensic analyses: individual 
identification, ancestry-informative, lineage-informative, and phenotype-informative 
(Budowle and van Daal, 2008).  Identity-testing SNPs are similar STR loci because they 
identify individuals by differentiating them and either including or excluding them from 
forensic evidence.  Lineage SNPs reside on the mtDNA genome and the Y chromosome 
and can provide information on the evolutionary history of an individual.  Ancestry 
informative markers (AIMs) are SNPs that reveal ancestral origin of a person, whereas 
phenotype-informative SNPs can provide information of the appearance of an individual.  
Ancestry-informative SNPs and phenotype-informative SNPs have been successfully 
studied as possible genetic markers in forensic analysis (Butler, et al, 2008).  
  
 1.1 Missing Persons Cases 
According to the National Missing and Unidentified Persons System (NamUs), 
over 600,000 individuals go missing in the United States every year, many recovered 
alive and well.  However, from the 4,400 unidentified bodies that are recovered each 
year, ~1000 of those bodies remain unidentified and become cold cases.  In 2018, New 
York State reported 14,697 missing person cases, with 5,315 missing person cases being 
reported in New York City alone (New York State Division of Criminal Justice Services, 
2018).  These types of cases pose the greatest challenges to forensic investigators and 





Within NamUs, there are two databases, one for missing persons (used by the 
public) and one for unknown human remains (used primarily by medical examiners and 
coroners).  When a person is reported as missing, the investigator’s primary goal when 
interviewing the family is to obtain as much detail regarding the physical appearance of 
the individual from when they were last seen.  This missing person’s report will contain 
the appropriate information regarding physical characteristics such as age, skin color, eye 
color, hair color, ethnicity, etc.  This information can only be obtained when there is open 
communication between investigators and the missing individual’s family (National 
Institute of Justice, 2019). 
In instances where only skeletal remains are discovered, information such as age, 
height, gender, and ethnicity can be determined via forensic anthropological 
methods.  Typically, DNA from these skeletal remains is extracted and STR DNA 
profiles are generated to be compared to the Missing Persons database in the Combined 
Index System (CODIS).  However, if there are familial relatives in the database to 
confirm a match, then this information regarding the individual provides no further leads.  
Therefore, any information regarding the physical characters of these individuals would 
provide investigators with new information to assist in the identification.  This is where 
forensic DNA typing using phenotype-informative SNPs, holds the advantage over STR 
generated DNA profiles. 
  Phenotype-informative SNPs are SNPs found near, or within, genes that have 
roles in pigmentation correlate strongly with certain phenotypic characteristics (Butler, 
2011).  This can assist with the identification of individuals when there is little 




useful when dealing with degraded samples, specifically from mass disasters where only 
tiny shards of bone remains.  These samples prove difficult when trying to analyze them 
using traditional STR typing because of their degradation and inability to amplify 
successfully.  
 
1.2 Prediction of Phenotypic Traits 
Differences in eye, hair and skin color among individuals are largely the result of 
differences in the amount of and types of melanin produced (Rees, 2003).  The level of 
melanin produced by melanocytes will determine whether an individual will have fair 
skin or darker skin color, and blue eyes or brown eyes.  Mammals produce two types of 
melanin: eumelanin and pheomelanin.  Eumelanin is a pigment that is brown/black in 
color and pheomelanin is a pigment that is red/yellow in color.  These two pigments are 
localized in varying quantities throughout the hair and human epidermis (Thody et al., 
1991).  When one pigment is expressed more than the other, differences in color are 
observed in the skin, hair and eyes.  To explain phenotypic diversity in populations at the 
genetic level, a closer look at any gene acting by itself or as part of a cellular pathway 
involved in the process of melanosomal biogenesis is a candidate for research (Sturm 
2009). 
Ninety-two SNPs in 300–3000 European individuals were screened (Sturm et al., 
2008) to determine any SNPs which could be linked to human pigmentation.  This study 
discovered that a single SNP, rs12913832, on the HERC2 gene was responsible for 




expression of OCA2, within iris melanocytes, was responsible for blue eye color.  OCA2 
codes for the P-protein, a transmembrane protein, involved in the melanosome maturation 
process and largely responsible in determining brown or blue eye color (Sturm & 
Frudakis, 2004).  An additional 5 SNPs on the SLC45A2, SLC24A5, MC1R, HERC2, 
and ASIP genes were found to be related to hair, eye and skin color pigmentation 
(Valenzuela et al., 2010).   
Understanding which genes were involved in pigmentation, allowed the 
identification of which SNPs could be used to predict eye, skin and hair color.  A recent 
study selected three SNPs for their significant correlation with the blue/brown eye color 
(rs12913832-HERC2, rs16891982- SLC45A2, and rs12203592-IRF4), five SNPs were 
selected because they correlate with particular populations, such as Europeans 
(rs16891982- SLC45A2 and rs1426654-SLC24A5), East Asians (Japanese and Chinese) 
(rs1545397- OCA2 and rs885479- MC1R) and Africans (rs6119471- ASIP) (Spichenok 
et al., 2011). Once these SNPs were determined, it was possible to create a panel that 
could be used for forensic DNA typing.  As a result of utilizing these SNPs researchers 
were able to predict eye and skin colors of individuals, with a very low error rate. 
The development of a panel which would be used for these types of cases, could 
assist in predicting the eye and skin color of the deceased individual if no such visible 
traits can be discerned. One such panel developed, The IrisPlex tool, was developed using 
six eye-colour informative SNPs to accurately predict blue and brown eye colour with 
high levels of accuracy (Walsh et al., 2011).  And more recently, the newly developed 8-




its ability to predict blue eye and light skin color, while keeping a low error-rate at 
approximately 5% (Hart et al., 2013). 
The goal of this study was the development of a multiplex SNP assay that could 
be incorporated into the SNaPshot assay to successfully predict eye and skin color, in the 
hopes of being used to identify unknown individuals.  In day to day operations, most 
forensic laboratories are unable to make a positive identification regarding an unknown 
deceased individual, simply because there are no known relatives to which the sample 
could be compared to.  Without a comparison to family members or a reference sample 
from the individual, forensic DNA typing using STRs can only be submitted to CODIS, 
waiting for a match.   
 
1.3 SNaPshot Assay for prediction of phenotypic traits 
Although there are numerous SNP typing methods available, minisequencing, 
also referred to as SNaPshot, is one of the more efficient, robust and flexible methods to 
use for casework samples.  Figure 1 depicts an overview of the multiplex SNaPshot assay 
for prediction of phenotypic traits.  The SNaPshot assay is an allele-specific primer 
extension with fluorescent dye-labeled dideoxynucleotide triphosphates (ddNTPs) to help 
visualize the results (Butler, 2011).  This assay begins with a multiplex polymerase chain 
reaction (PCR), which exponentially amplifies each of the eight SNPs in a series of 
heating and cooling cycles.  Following PCR, two exonucleases are introduced to the 
reaction to digest excess primers and dNTPs so there is no interference with the 




shrimp alkaline phosphatase to be destroyed and then visualized using a dye-detection 
multicapillary electrophoresis.   
Figure 1: Outline of the multiplex SNaPshot Assay
  
Figure 1: Above is an outline of a multiplex SNaPshot Assay which involves these steps: A) Multiplex-PCR performed on genomic 
DNA with several primer-pairs (two SNPs are shown in blue and red circles). B) PCR-amplicons, with primers (arrows) and SNPs 
(colored circles). C) PCR-products. D) Annealing of unlabeled primers and primer-extensions with fluorescently labeled ddNTPs. E) 
purification, and F) detection of fluorescently labeled oligonucleotides by multicolor capillary electrophoresis. (In courtesy of Dr. 
Elisa Wurmbach, OCME) 
 
1.4 Multiplex PCR 
The first step of the development of the multiplex-SNP assay is to establish a 
multiplex PCR.  PCR was first discovered by Kary Mullis in 1985 with the Cetus 
Corporation Human Genetics group (Mullis, 1990).  The polymerase chain reaction is 
analogous to DNA replication and consists of a three-step cycle (Reynolds, Sensabaugh 
& Blake 1991). The first step of PCR, called denaturation, heats double stranded DNA 
with high temperatures ranging from 90°C - 95°C, so that the hydrogen bonds between 




annealing, is where the oligonucleotide forward and reverse primers locate the 
complementary target sequences in the original DNA strand and bind to them.  For the 
annealing step to occur, the temperature of the reaction is cooled.  The last step of the 
process is referred to as extension, where the temperature of the reaction is raised to 72°C 
and individual nucleotides are added to the primer with a DNA polymerase to create a 
new strand that is complementary to the target sequence. 
To increase efficiency, a multiplex PCR is a method used for targeting multiple 
loci and amplifying those targeted regions of a DNA strand especially if there is a limited 
amount of DNA to begin with.  Further, a multiplex PCR is ideal for conserving costly 
polymerase and DNA templates, as well as decreasing preparation time (Edwards and 
Gibbs, 1994).  There are many components to a PCR reaction, and each must be 
evaluated when developing a multiplex assay for efficacy of the reaction.  These 
components include buffer, deoxynucleotide triphosphates (dNTPs), Magnesium 
Chloride (MgCl2), DNA polymerase, forward and reverse primers (primer length, 
sequence, and amplicon length).   
Using a buffer prevents pH shifts that could deactivate the MgCl2 which is a 
required cofactor for thermostable DNA polymerase functionality.  Therefore, 
MgCl2concentration and buffer concentration are crucial determinants for the success of 
the amplification, as MgCl2 activates polymerase and stabilizes the charge of phosphate 
groups on dNTPs.  Premature activation of the DNA polymerase can cause mispriming 
(primers annealing to the incorrect target sequences) and primer dimers (primers 
annealing to themselves or each other).  Deoxynucleotide triphosphates (dNTPs) supply 




For the amplification reaction to be performed at higher temperatures, 
significantly improving the specificity, yield, sensitivity and length of products that can 
be amplified a thermostable DNA polymerase has been incorporated into the PCR 
reaction (Saiki et al., 1988).  The DNA polymerase is an enzyme that adds nucleotides 
onto the end of an annealed primer.  A primer acts to identify the portion of the DNA 
template to be copied.  It is chemically synthesized oligonucleotide that is added in high 
concentration relative the DNA template to drive the PCR reaction. 
The purpose of this study was to develop a robust multiplex PCR to be 
incorporated into a SNaPshot assay utilizing eight SNPs [rs12913832, rs1545397, 
rs1426654, rs16891982, rs885479, rs6119471, rs12203592 and rs12896399] (Mushailov, 
Rodriguez, Budimlija, Prinz & Wurmbach 2015).  Forward and reverse primers were 
designed to surround the targeted eight SNPs, with a theoretical melting temperature set 
to 60oC + 3oC.  An optimal primer set should be very specific and hybridize efficiently to 
the sequence of interest with negligible hybridization to other sequences present in the 
sample (Kramer and Coen, 2001).  Primers were designed to be specific, containing a GC 
content of 35-60%, ensuring that they would work under the same conditions and could 
be pooled into a multiplex PCR reaction.  A successful primer set will have similar 










2.1 List of Kits & Reagents 
Gentra Puregene Buccal Cell Kit (Qiagen, Valencia, CA) 
GoTaq Hot Start Polymerase (Promega, Madison, WI) 
Benchtop pGEM DNA Marker (Promega, Madison, WI) 
PCR Nucleotide Mix- set of dATP, dCTP, dGTP, dTTP (Promega, Madison, WI) 
DNA oligonucleotides (IDT, Coralville, IA) 
Agarose (Sigma-Aldrich, St. Louis, MO) 
DNA 1000 Kit (Agilent Technologies, Santa Clara, CA) 
Isopropanol (Fisher Scientific, Hampton, NH) 
 
Tris-borate-EDTA 1x (TBE) (Fisher Scientific, Hampton, NH) 
 
Ethidium Bromide (EtBr) (Sigma-Aldrich, St. Louis, MO) 
 
2.2 List of Instruments 
NanoDrop (ThermoScientific, Wilmington, DE) 
GeneAmp 9700 (Applied Biosystems, Foster City, CA) 
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) 
Eppendorf centrifuge (Eppendorf, Hamburg, Germany) 










3.1. Sample Collection 
DNA was previously collected and extracted (2011) using the noninvasive buccal 
swabbing method, approved by the New York City Department of Health and Mental 
Hygiene's Institutional Board (IRB#08-066).  Sample collection at New York University 
(NYU) was approved by their IRB (H#:09-0739).  Individuals were given a questionnaire 
and informed consent form to read and sign, prior to providing a sample.  The 
questionnaire included information regarding eye, hair and skin color and photographs 
were taken of the donor’s eyes to aid the information collected in the questionnaire.   
 
3.2. DNA Extraction using Gentra Pure gene Buccal Cell Kit 
DNA extractions were previously performed (2011) following the instructions of 
the manufacturer with slight modifications. For each sample, 300 μL of Cell Lysis 
Solution buffer (Qiagen, Valencia, CA) and 1.5μL of refrigerated Proteinase K (Qiagen, 
Valencia, CA) were dispensed into each tube.  Cell Lysis Solution buffer facilitates cell 
lysis, breaking oven the cells as the first step of DNA extraction.  Proteinase K is used 
during DNA extraction to digest any proteins and inactivates any nucleases present in the 
DNA extraction.  The buccal brushes were inserted into the solution and the handle of 
each buccal brush was removed using a sterile scissor, the tubes were sealed with 
parafilm and placed into the 55°C heating block overnight.  The following morning, the 
samples were removed from the heating block, placed into a 1.5mL Eppendorf adaptor 
for centrifugation.  Samples were spun down in a centrifuge for 3 seconds at 4 °C. 




Using sterile forceps for each sample, the parafilm was unwrapped from the tubes 
and the brush heads were discarded.  One-and-a-half microliters of RNase A Solution 
(Qiagen, Valencia, CA) was added to each sample and the samples were incubated at 37 
°C for 20 minutes.  RNase A Solution is an enzyme used during DNA extractions to 
remove RNA from the extraction, during genomic DNA purification.  During this 
incubation time, the Glycogen solution was placed on ice.  After incubation at 37 °C, the 
samples were also placed on ice for 1 minute.  100μL of Protein Precipitation Solution 
was added to each sample and the solution (~400μL) was then transferred to a new sterile 
1.5mL Eppendorf tube.  Each sample was vortexed vigorously 5 times at the highest 
speed of 10 and then subsequently placed on ice for 5 minutes. Samples were centrifuged 
for 5 minutes at 14000rpm at 4 °C to form a protein pellet.  The supernatant was 
transferred into a sterile 1.5mL Eppendorf tube and the tube with the remaining pellet 
was discarded.  0.5μL Glycogen Solution and 300μL Isopropanol were dispensed into 
each tube containing the sample supernatant and mixed by inversion 50 times.  
Isopropanol helps in desalting and recovering nucleic acids during DNA extraction.  
Glycogen solution is added to the extraction to efficiently precipitate DNA and assist in 
pellet formation.  
Samples were then centrifuged for 5 minutes at 1400rpm at 4 °C, and the resulting 
supernatant was carefully discarded by draining the tube onto a kimwipe, leaving behind 
an undisturbed DNA pellet.  300μL of 70% ethanol was added to each sample to wash the 
DNA pellet and the samples were centrifuged for 5 minutes at 1400rpm at 4 °C.  Samples 




Hydration Solution is added to each sample to resuspend the DNA pellet.  The samples 
were vortexed for 5 seconds and then placed on the 65 °C heating block for 5 minutes.   
 
3.3 Quantitation using UV Absorption 
Extracted DNA was previously quantified (2011) using UV absorption.  Using a 
wet kimwipe, the NanoDrop’s optical surface was cleaned and initialized with 1.3μL of 
clean water.  Wiping the optical surface dry, the NanoDrop was measured twice using 
Hydration solution as a blank.   
 
3.4 Primer Design 
For the 8 SNPs included in this multiplex assay, primers were previously 
designed utilizing the following software programs: Primer3, Primer3plus, BLAST, 
AutoDimer, and MFEprimer.  Primer3, Primer3plus and BLAST program were used to 
generate the candidate primer pairs for a given template sequence and for checking target 
specificity. AutoDimer was used as a screening tool for primer-dimer and hairpin 
structures (Vallone and Butler 2004). MFEprimer was used to evaluate specificity of 
PCR primers based on multiple factors, including sequence similarity, stability at the 3'-
end of the primer, melting temperature, GC content and number of binding sites between 
the primer and DNA templates (Qu, Shen, Zhao, Yang & Zhang 2009). 
Table S1 in the appendix contains a list of all primers designed for each of the 8 
SNPs used in this multiplex assay.  Initial PCR primer stock received from the vendor 
was diluted in Tris-EDTA (TE) buffer to create a working stock(~10µM).  Creating a 




primer stock and prevented the primary stock to be frozen/thawed repeatedly during each 
use. 
 
3.5 Singleplex PCR 
 Various primers were previously tested (2011) using singleplex PCR reactions, to 
see which combination of forward and reverse primers for each SNP were best.   
PCR Reaction Mix 
Buffer 5X 5μL 
MgCl2 (25µM) 2μL 
dNTP (10 µM) 0.5μL 
GoTaq 0.25μL 
H2O 14.25μL 
Template DNA (1 ng/μL) 1 μL 
Forward Primer (10 µM) 1μL 
Reverse Primer (10 µM) 1μL 
 
Extracted DNA was used at a 1ng concentrations as template DNA. The PCR 
conditions were 2 min at 95°C, followed by 40 cycles: 15 sec at 95°C denaturation step, 
15 sec annealing step at 60°C and, a 30 sec extension step at 72°C.  At 95°C the DNA 
strands separate, and at 60°C the primers will bind to the DNA template at the targeted 
SNPs.  The reaction is raised to 72°C to activate the GoTaq DNA polymerase which will 
extend the fluorescently labeled primers by copying the target region using 
deoxynucleotide triphosphates building blocks.  For each cycle the number of DNA 
molecules with the targeted sequence between the two primers doubles exponentially. 
 
3.6 Multiplex PCR 
 Efficient primers were detected using singleplex reactions and combined into 




together.  When developing the multiplex PCR reaction, PCR amplicons were detected 
and verified using either agarose gel electrophoresis or the Agilent Bioanalyzer.  
Development of the multiplex PCR included adjustments to buffer concentration, MgCl2 
concentration, the number of cycles in PCR run, annealing temperature, and varying 
primer concentration.  PCR conditions were adjusted to determine what parameters could 
produce a good balance between the amplicons of each SNP targeted. 
 
3.7 DNA Separation 
 To distinguish the various PCR-products from one another, a separation step was 
required to differentiate between the different-sized fragments. 
 
3.7.1 Agarose Gel Electrophoresis 
 Agarose gels (1.2%) were previously run (2011) by preparing agarose in Tris-
borate-EDTA 1x (TBE).  The mixture was cooled for a moment, then 1.2μL of ethidium 
bromide (EtBr) was added, and the gel was set in the gel box.  Samples (25 μL) were then 
loaded with 6μL of loading buffer.  This loading dye contains a mixture of bromophenol 
blue, a dark blue dye that helps the analyst see the samples, and sucrose to increase the 
sample’s viscosity and help it stay in the well prior to turning on the voltage and initiating 
electrophoresis (Butler, 2009).  The phosphate backbone of the DNA molecule is 
negatively charged, therefore when placed in an electric field, DNA fragments will 
migrate to the positively charged anode (Lee, Costumbrado, Hsu & Kim 2012).  As the 
DNA molecules are drawn through the gel, they are separated by size--the smaller ones 




3.7.2 Agilent 2100 Bioanalyzer 
PCR products were checked by Agilent 2100 Bioanalyzer using a DNA 1000 chip 
separating between 15 and 1500 bp.  The DNA 1000 chip utilizes capillary 
electrophoresis to separate DNA fragments and provided better resolution of samples 
while using a smaller amount of input sample than the agarose gel.  For the preparation of 
the Gel-Dye Mix used in this procedure, the DNA dye concentrate, and DNA gel matrix 
are equilibrated to room temperature for 30 minutes under protection from light to 
prevent degradation, then vortexed for 10 seconds and spun down.  Twenty-five 
microliters (25μL) of the dye concentrate is added into the DNA gel matrix vial and 
vortexed for 10 seconds.   
The mixture is then visually inspected to ensure proper mixing of gel and dye 
before being transferred to a spin filter.  The mixture is spun down for 15 minutes at 
room temperature and then marked with the date of preparation.  The gel dye mix was 
used according to manufacturer recommendations, within 4 weeks of preparation.   Prior 
to loading the gel-dye mix into the chip, the base plate of the chip priming station is in 
position and the adjustable clip is set to the lowest position of 1.  While letting the gel-
dye mix to equilibrate to room temperature for 30 minutes before use, the gel-dye mix is 
wrapped in aluminum foil to protect it from light.  For each run, 9.0 μL of the gel-dye 
mix is dispensed into the corresponding well marked G and placed into the chip priming 
station.    
The syringe is pressed down and held for 1 minute, then the plunger is released 
until the syringe is positioned at 1 ml.  The DNA 1000 Ladder, DNA 1000 Markers 




the Marker and 1μL of the Ladder were dispensed into the appropriate wells of the chip, 
as indicated in the figures below. 
Into each of the 12 remaining sample wells, 1μL of sample or 1μL of water was 
dispensed and the chip was placed into the vortex mixer for 1 minute.  Before placing the 
chip into the instrument, visual inspection of the wells was performed to ensure that no 
bubbles were present in the sample wells.  Results were analyzed using the 2100 Expert 





















4. 1 Singleplex Reactions for all Eight Markers 
In order to determine primer-SNP pairing, forward and reverse primers were 
designed previously and tested in singleplex PCR reactions (2011).  When determining a 
successful primer pairing, strong versus weak bands generated determined if those 
primers were working efficiently and could later be combined into a multiplex 
reaction.  The size (bp) of the PCR product and any extraneous bands produced on the gel 
run were also taken into consideration, as this indicated that the primers were not 
functioning as expected.  
  Figure 2 is a photo of an agarose gel run displaying different primer pairs tested 
for fours SNPs (Herc-32, 24A5-54, MC1R-79 and 24A4-99).  Five different primer 
combinations were tested for Herc-32 in singleplex reactions, with an expected PCR 
product range of 70bp to284bp in length.  Of the five primer combinations tested, 
samples 3 and 5 were the most efficient generating the clear, dark bands on the gel.  
Whereas samples 1, 2, and 4 generated fainter bands, indicating a less efficient PCR 
reaction.  For 24A5-54, four different primer combinations were tested, samples 6-9, each 
produced a dark band on the gel indicating an efficient PCR reaction.  Three primer 
combinations were tested for MC1R-79, samples 10 and 12 generated dark bands while 
sample 11 generated a faint band and what appeared to be extraneous bands at ~600bp 
area.  Both primer combinations tested for 24A4-99, samples 13 and 14, generated dark 






Figure 2: Gel electrophoresis photo of Herc-32, 24A5-54, MC1R-79, and 24A4-99 
 
Figure 2: Agarose gel electrophoresis photo of Herc-32, 24A5-54, MC1R-79, and 24A4-99 singleplex 
reactions. Primer combinations for each sample are listed on the left and the DNA marker (pGem) is loaded 
into the furthermost right well. The expected PCR product length is listed underneath each sample. 
 
Figure 3 is a photo of the agarose gel run displaying the primer pairs tested for 
two SNPs (Oca-97 and 45A2-82).  Ten primer pair combinations were tested for the Oca-
58 (samples 1-10), with a PCR product range of 144bp to 451bp.  Of the ten samples run, 
samples 1, 4, 7, 9 and 10 generated the darkest bands, indicating efficient PCR reactions.  
Samples 2, 3, 5, 6, and 8 were not as efficient producing weaker, fainter bands.  For SNP 
45A2-82, samples 12, 14-16 generated very strong bands at the appropriate bp 






 Figure 3: Gel electrophoresis photo of Oca-97 and 45A2-82 
 
Figure 3: Agarose gel electrophoresis photo of Oca-97 and 45A2-82. Primer combinations for each sample 
are listed on the left and the DNA marker (pGem) is loaded into the furthermost right well. The expected 
PCR product length is listed underneath each sample. 
 
Figure 4 is a photo of the two agarose gels run displaying the primer pairs tested 
for two SNPs (IRF-93 and 24A4-99).  Six combinations were tested for each SNP, IRF-
93 with PCR product range of 80bp to 250bp and 24A4-99 with a PCR product range of 
104bp to 458bp.  For IRF-93, samples 1 and 2 exhibited the thickest and darkest bands, 
whereas sample 4 produced the weakest band.  Samples 3, 5 and 6 each produced a dark 
band, but the bands produced were not as thick as that of samples 1 and 2 and they also 
contained longer PCR product sizes.  When samples for 24A4-99 were evaluated, 
samples 1-3, 5 and 6 exhibited the darkest bands.  However, sample 6 appeared to have 








Figure 4: Agarose gel electrophoresis photo of IRF-93 and 24A4-99 
 
Figure 4: Agarose gel electrophoresis photo of 24A4-99 and IRF-93 singleplex reactions to determine the 
most robust primer pair reactions for each SNP.  Primer combinations for each sample are listed on the left 
and the DNA marker (pGem) is loaded into the furthermost right well. The expected PCR product length is 
listed underneath each sample. 
 
Each PCR reaction was evaluated for the most efficient primers which could then 
be combined into a multiplex PCR reaction.  The best singleplex PCR reactions were 
selected (Table 1) and one from each SNP was combined into multiplex PCR reaction.   
 
 Table 1: Combination of primers for the best PCR reactions 
Herc-32 45A2-82 MC1R-79 ASIP-71 
3F+7R 9F+12R 1F+2R 12F+18R 
4F+7R 9F+13R 2F+2R Oca-97 
24A5-54 9F+17R IRF-93 15F+24R 
5F+8R 24A4-99 13F+23R 15F+25R 
5F+11R 10F+15R 14F+22R 18F+24R 
6F+9R 10F+17R 14F+23R 19F+24R 






4.2 Multiplex Reactions with gel electrophoresis 
One primer pair for each SNP, from table S1, were combined into multiplex 
reactions containing two to four SNPs per reaction and were separated using agarose gels.  
Figure 5 is a photo of multiplex reactions (samples 1-6) and singleplex reactions of each 
SNP used to evaluate the results.  Sample 1 contained a multiplex reaction of three SNPs 
(Herc-32, 24A5-54, and Oca-97).  However, only one band was observed at ~250bp in 
length, and it was difficult to determine which SNP produced a result.  An efficient PCR 
reaction should have produced three bands at ~256bp, 266bp, and 270bp.  It’s possible 
that separation of these bands was not achieved since they were within 10bp and 4bp 
from each other and they appear on the gel as one band. 
  Similar results were observed for Samples 2 (ASIP-71 and MC1R-79) and 3 
(45A2-82 and IRF-93), where only one band was observed per reaction.  Sample 2 did 
not generate the expected bands at 197bp and 203bp.  One band was observed at 200bp, 
indicating that separation of the two amplicons was not achieved.  For sample 3, only one 
band was produced at 130bp when the expected PCR amplicon sizes for sample 3 were 
two bands at 128bp and 122bp.  Samples 4 (Herc-32, 24A5-54, Oca-97, 45A2-82, and 
IRF-93) and 5 (Herc-32, 24A5-54, Oca-97, ASIP-71, and MC1R-79) each contained five 
SNPs, however only two bands appeared for Sample 4 (~200bp and 130bp) and three 








Figure 5: Gel electrophoresis photo of Multiplex and Singleplex reactions 
 
Figure 5: Agarose gel electrophoresis photo of Multiplex and Singleplex reactions of Herc-32, 24A5-54, 
Oca-58, MC1R-79, ASIP-71, 45A2-82.  Primer combinations for each sample are listed on the right and the 
DNA marker (pGem) is loaded into the furthermost left well. The expected PCR product length is listed 
underneath each singleplex reaction. 
 
The multiplex reactions tested did not produce the expected results on the agarose 
gel, since some PCR amplicons were not generated or successfully separated.  When 
evaluating the multiplex results, it was difficult to discern the lengths of the PCR 
products generated in multiplex reactions.  It was not clear if separation of the amplicon 
was not achieved, or preferential amplification occurred.  Since resolution on the agarose 











4.3 Multiplex Reactions with Bioanalyzer 
The most important component of the PCR reaction were the primers, as they will 
identify the regions that need to be amplified.  Therefore, it is essential to determine 
primer pairs that will work well together in a multiplex PCR reaction.  PCR products 
were evaluated using the Agilent 2100 Bioanalyzer, since the resolution of the 
Bioanalyzer was better compared to the results obtained from the agarose gels.  Table S2, 
in the appendix, contains sixteen different multiplex PCR reactions run on the 
bioanalyzer to determine the best combination of primer pairings for all eight SNPs.  
PCR reaction conditions for all sixteen multiplex reactions were kept the same, and PCR 
product lengths were kept below 500bp.   
Environmental factors often degrade DNA, breaking it into smaller pieces which 
could result in breaks in the targeted regions of DNA (Butler 2011).  Without an intact 
region to copy, PCR amplification will not be successful as the DNA polymerase will 
stop extending the copied region once it reaches a break in the template strand.  Smaller 
PCR amplicon sizes increase the chance of successful amplification for degraded samples 
which are often tested in forensic DNA cases.  Figures 6-13 are the bioanalyzer results 














Figure 6: Bioanalyzer Results for PCR tests A-B 
 
Figure 6: Results from the Agilent Bioanalyzer 2100 showing electropherograms with the eight SNP markers (1-8) for tests A and B. The x-axis on the 
electropherogram represents the migration time of the amplicon (S: second) and the y-axis represents the fluorescence intensity of the amplicon (FU: 
relative fluorescence unit).  Lower marker (15bp) and upper marker (1500 bp) are the internal size standards.  Peaks labeled with a star are determined 
to be unincorporated primers. 
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Figure 7: Bioanalyzer Results for PCR tests C-D
 
Figure 7: Results from the Agilent Bioanalyzer 2100 showing electropherograms with the eight SNP markers (1-8) for tests C and D. The x-axis on the 
electropherogram represents the migration time of the amplicon (S: second) and the y-axis represents the fluorescence intensity of the amplicon (FU: 
relative fluorescence unit).  Lower marker (15bp) and upper marker (1500 bp) are the internal size standards.  Peaks labeled with a star are determined 
to be unincorporated primers.  Peak labeled with an arrow is an extraneous peak (possible by-product) 
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Figure 8: Bioanalyzer Results for PCR tests E-F 
 
Figure 8: Results from the Agilent Bioanalyzer 2100 showing electropherograms with the eight SNP markers (1-8) for tests E and F. The x-axis on the 
electropherogram represents the migration time of the amplicon (S: second) and the y-axis represents the fluorescence intensity of the amplicon (FU: 
relative fluorescence unit).  Lower marker (15bp) and upper marker (1500 bp) are the internal size standards.  Peaks labeled with a star are determined 
to be unincorporated primers. 
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Figure 9: Bioanalyzer Results for PCR tests G-H 
 
Figure 9: Results from the Agilent Bioanalyzer 2100 showing electropherograms with the eight SNP markers (1-8) for tests G and H. The x-axis on the 
electropherogram represents the migration time of the amplicon (S: second) and the y-axis represents the fluorescence intensity of the amplicon (FU: 
relative fluorescence unit).  Lower marker (15bp) and upper marker (1500 bp) are the internal size standards.  Peaks labeled with a star are determined 
to be unincorporated primers. 
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Figure 10: Bioanalyzer Results for PCR tests I-J 
 
Figure 10: Results from the Agilent Bioanalyzer 2100 showing electropherograms with the eight SNP markers (1-8) for tests I and J. The x-axis on the 
electropherogram represents the migration time of the amplicon (S: second) and the y-axis represents the fluorescence intensity of the amplicon (FU: 
relative fluorescence unit).  Lower marker (15bp) and upper marker (1500 bp) are the internal size standards.  Peaks labeled with a star are determined 
to be unincorporated primers. 
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Figure 11: Bioanalyzer Results for PCR tests K-L 
 
Figure 11: Results from the Agilent Bioanalyzer 2100 showing electropherograms with the eight SNP markers (1-8) for tests K and L. The x-axis on the 
electropherogram represents the migration time of the amplicon (S: second) and the y-axis represents the fluorescence intensity of the amplicon (FU: 
relative fluorescence unit).  Lower marker (15bp) and upper marker (1500 bp) are the internal size standards.  Peaks labeled with a star are determined 
to be unincorporated primers. 
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Figure 12: Bioanalyzer Results for PCR tests M-N 
 
Figure 12: Results from the Agilent Bioanalyzer 2100 showing electropherograms with the eight SNP markers (1-8) for tests M and N. The x-axis on the 
electropherogram represents the migration time of the amplicon (S: second) and the y-axis represents the fluorescence intensity of the amplicon (RU: 
relative fluorescence unit).  Lower marker (15bp) and upper marker (1500 bp) are the internal size standards.  Peaks labeled with a star are determined 
to be unincorporated primers. 
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Figure 13: Bioanalyzer Results for PCR tests O-P 
 
Figure 13: Results from the Agilent Bioanalyzer 2100 showing electropherograms with the eight SNP markers (1-8) for tests O and P. The x-axis on the 
electropherogram represents the migration time of the amplicon (S: second) and the y-axis represents the fluorescence intensity of the amplicon (RU: 
relative fluorescence unit).  Lower marker (15bp) and upper marker (1500 bp) are the internal size standards.  Peaks labeled with a star are determined 
to be unincorporated primers.
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When evaluating the results for the multiplex PCR reactions, only PCR reactions 
in which all eight SNPs were detected could be considered successful.  If peaks were 
missing, or extraneous bands were detected, then the results were considered 
unsuccessful.  PCR reactions O and N were the most unsuccessful multiplex reactions, as 
only four peaks were detected in reaction O and three peaks were observed in reaction N.  
In addition, no peaks for SNPs 24A4-99, 45A2-82, 24A5-54, and Oca-97 were observed 
for PCR reactions I and J.  Therefore, these reactions were determined to be inefficient as 
well. 
For PCR reactions E – H, and M only 5 peaks were detected of the eight targeted 
SNPs, therefore, these were deemed unsuccessful.  In four PCR reactions, A, C, K, and P 
only seven peaks were detected.  Furthermore, PCR reaction D resulted in all eight SNPs 
being detected at the appropriate bp lengths. but an additional peak was observed at 
326bp in length that was not part of the 8 SNPs.  This would indicate that this 
combination of primers for the eight SNPs is not successful reaction.  Extraneous peaks 
are detrimental during analysis of results, since they can be confused with true peaks. 
Of the 16 multiplex reactions tested, only two reactions (B and L) resulted in all 
eight peaks being detected at the appropriate bp lengths.  PCR reaction B has a PCR 
product range of 87bp to 203bp.  While PCR reaction L has a PCR product range of 
125bp to 386bp.  Both reactions contain a PCR product range under 500bp in length 
which are considered acceptable to be used for forensic purposes.  To determine the best 
reaction from these two, PCR product range and peak height were compared for both 
reactions.  PCR reaction L exhibited a downward slope of peak heights as amplicon size 
increases.  This is not ideal for use in forensic DNA typing, as low-level amounts of 
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DNA and degraded samples can result in larger amplicon sizes not being amplified, or 
detected (Butler, 2009).  Therefore, it would be best to use reaction B in the multiplex 
assay as it has the smallest range and can amplify smaller fragments. 
 
4.4 Primer Concentration 
Once the combinations of primers that resulted in a successful amplification were 
detected, PCR optimization of the reaction involved adjusting variables such as primer 
concentrations to achieve a good balance of amplicons detected.  The PCR reaction 
mixture contained 2µL of each primer pair at 10µM concentrations. Figures 14-15 show 
the electropherogram results for eight PCR tests were run with varying primer 
concentrations for each of the eight SNPs to obtain the best balance of amplicon peak 
heights for all eight SNPs.   
Primer concentrations of SNPs were adjusted to raise or lower the peak heights 
and develop a reaction with a balanced amount of PCR products per SNP.  Final primer 
concentrations for the eight SNPs were as follows: 1µL of Herc-32 (10µM), 1.5µL of 
24A4-99 (20µM), 2.5µL of 24A5-54 (10µM), 2µL of 45A2-82 (10µM), 1.5µL of MC1R-
79 (10µM), 1.8µL IRF-93 (20µM), 4µL of Oca-97 (20µM), and 1.5µL of ASIP-71 
(10µM).  Figure 16 shows the optimized PCR reaction with the final primer 
concentrations selected, resulting in a more even distribution of peak heights for each of 
the eight SNPs.
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Figure 14: Adjusting Primer Concentrations of Primers Oca-97, ASIP-71 and MC1R-79 
 
 
Figure 14: Results from the Agilent Bioanalyzer 2100 showing electropherograms of the eight SNP markers run with varying primer concentrations. The x-axis 
on the electropherogram represents the migration time of the amplicon (S: second) and the y-axis represents the fluorescence intensity of the amplicon (FU: 
relative fluorescence unit).  Lower marker (15bp) and upper marker (1500 bp) are the internal size standards and designated LM and UM, respectively.  Peaks 




Figure 15: Adjusting Primer Concentrations of Primers for all 8 SNPs 
 
 
Figure 15: Results from the Agilent Bioanalyzer 2100 showing electropherograms of the eight SNP markers run with varying primer concentrations. The x-axis 
on the electropherogram represents the migration time of the amplicon (S: second) and the y-axis represents the fluorescence intensity of the amplicon (FU: 
relative fluorescence unit).  Lower marker (15bp) and upper marker (1500 bp) are the internal size standards and designated LM and UM, respectively.  Peaks 




Figure 16: Optimized 8 SNP Multiplex PCR Assay – Primer Concentrations 
 
 
Figure 16: Results from the Agilent Bioanalyzer 2100 showing electropherograms of the eight SNP markers run with final primer concentrations selected. The x-
axis on the electropherogram represents the migration time of the amplicon (S: second) and the y-axis represents the fluorescence intensity of the amplicon (FU: 
relative fluorescence unit).  Lower marker (15bp) and upper marker (1500 bp) are the internal size standards and designated LM and UM, respectively. Peaks 
labeled with a star are determined to be unincorporated primers.  Primer concentrations: 1µL of Herc-32 (10µM); 1.5uL of 24A4 – 99 (20µM); 2.5µL of 24A5-54 




4.5 The Effect of MgCl2 and Buffer Concentrations 
Once the final primer concentrations were determined, the MgCl2 and buffer 
concentrations were adjusted to determine the optimal amount to be included into the 
PCR reaction. The recommended amount of MgCl2 to be included into the PCR reaction 
was 2µL.  Four additional PCR reactions were tested with varying amounts of MgCl2 
from 1µL - 3µL (Figure: 17), to determine if the recommended amount gave the best 
results.  Lowering the amount of MgCl2 resulted in poor amplification, as expected since 
Magnesium is a required cofactor for polymerase function.  On the other hand, increasing 
the amount of MgCl2 above the recommended 2µL, resulted in a significant increase in 
the number extraneous peaks observed.  The more magnesium that is added to a PCR 
reaction, the quicker the reaction will proceed.  If too much magnesium is present, the 
DNA polymerase will work too quickly and often make errors in the copying process.  
Three tests were performed to see the effect of buffer concentration on the 
multiplex PCR reaction (Figure: 18).  Lowering the buffer concentration below the 
recommended amount of 5µL of Buffer (5X), resulted in an increase the height of 
unincorporated primer peak heights.  The adjustments in buffer concentration did not 
have a signification effect on the PCR reaction, so it was decided to leave it at the 
original amount recommended by the enzyme’s supplier. 
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Figure 17: Results from the Agilent Bioanalyzer 2100 showing electropherograms of the eight SNP markers run with 1µL, 1.2µL, 1.5µL, and 3µL MgCl2  in the 
PCR reaction. The x-axis on the electropherogram represents the migration time of the amplicon (S: second) and the y-axis represents the fluorescence intensity 
of the amplicon (FU: relative fluorescence unit).  Lower marker (15bp) and upper marker (1500 bp) are the internal size standards and designated LM and UM, 
respectively.  Peaks labeled with a star are determined to be unincorporated primers. 
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Figure 18: The Effect of Buffer Concentration 
 
 
Figure 18: Results from the Agilent Bioanalyzer 2100 showing electropherograms of the eight SNP markers run with 5µL of Buffer (5X), 2.5µL of Buffer (5X), 
and 2.5µL Buffer (10X) in the PCR reaction. The x-axis on the electropherogram represents the migration time of the amplicon (S: second) and the y-axis 
represents the fluorescence intensity of the amplicon (FU: relative fluorescence unit).  Lower marker (15bp) and upper marker (1500 bp) are the internal size 




4.6 The Effect of Annealing Temperatures 
Optimizing a multiplex PCR reaction can be a challenge since there are multiple 
primer pairs involved.  Therefore, designing primers that have similar melting 
temperatures (60°C + 3) and GC content will allow the primers to function under similar 
conditions which is necessary for a successful amplification.  Adjusting annealing 
temperatures is one way to determine the optimal PCR conditions for a robust multiplex 
reaction.  Figure 19-20 shows the electropherogram results of eight different annealing 
temperatures tested.  Previously, PCR reactions were carried out with an annealing 
temperature of 60°C.   
Annealing temperatures from 53°C - 62°C were tested for all eight SNPs to 
determine the most robust PCR reaction.  Each reaction performed well under these 
varying temperatures; however, the peak heights of unincorporated primers were 
affected.  The annealing temperature determined for optimal results was 60°C, as it was 







Figure 19: The Effect of Annealing Temperature 
 
Figure 19: Results from the Agilent Bioanalyzer 2100 showing electropherograms of the eight SNP markers run at varying annealing temperatures of 53°C, 
55°C, 56°C, and 57°C. The x-axis on the electropherogram represents the migration time of the amplicon (S: second) and the y-axis represents the fluorescence 
intensity of the amplicon (FU: relative fluorescence unit).  Lower marker (15bp) and upper marker (1500 bp) are the internal size standards and designated LM 





Figure 20: The Effect of Annealing Temperature 
 
Figure 20: Results from the Agilent Bioanalyzer 2100 showing electropherograms of the eight SNP markers run at varying annealing temperatures of 58°C, 
59°C, 60°C, and 62°C. The x-axis on the electropherogram represents the migration time of the amplicon (S: second) and the y-axis represents the fluorescence 
intensity of the amplicon (FU: relative fluorescence unit).  Lower marker (15bp) and upper marker (1500 bp) are the internal size standards and designated LM 
and UM, respectively.  Peaks labeled with a star are determined to be unincorporated primers. 
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4.7 The Effect of PCR Cycle Number   
Figure 21 shows the electropherogram results of four experiments performed with 30 
cycles, 35 cycles, 38 cycles, and 40 cycles.  Running the PCR reaction at 30 cycles resulted in 
minimal amplification of PCR product, with only two peaks being called.  However, running 
the PCR reaction at 35, 38 and 40 cycles resulted in successful amplification of all eight SNPs.  
Furthermore, as the cycle number of the reaction increased the amount of unincorporated 
primers present in the reaction decreased because these primers are being incorporated into each 
cycle.  PCR is an exponential amplification, therefore, increasing the number of cycles should 
exponentially increase the amount of PCR products amplified.  In a 100% efficient reaction, 















Figure 21: The Effect of PCR Cycle Number 
 
 
Figure 21: Results from the Agilent Bioanalyzer 2100 showing electropherograms of the eight SNP markers run at 30, 35, 38, and 40 PCR cycles. The x-axis on 
the electropherogram represents the migration time of the amplicon (S: second) and the y-axis represents the fluorescence intensity of the amplicon (FU: relative 
fluorescence unit).  Lower marker (15bp) and upper marker (1500 bp) are the internal size standards and designated LM and UM, respectively.  Peaks labeled 
with a star are determined to be unincorporated primers. 
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Discussion 
In this study, primers pairs for eight SNPs were tested in singleplex reactions to 
ensure that they were producing accurate results.  Singleplex reactions were evaluated for 
the types of bands they produced.  Weak, faint bands indicated an inefficient PCR 
whereas strong, dark bands indicated an efficient PCR.  PCR amplicon size of the bands 
produced were compared to expected PCR amplicon size for accuracy, and if any primers 
tested generated extraneous bands this indicated that the primers were not functioning as 
expected and should not be used in the multiplex reaction. 
Primer pairs were incorporated into a multiplex PCR, to see if they would result 
in a successful amplification.  If multiple reactions did not result in successful 
amplification of all eight SNPs, then different combinations of primer pairs were tested.  
Of the 16 multiplex reactions tested, only two reactions yielded amplification of all eight 
SNPs.  The PCR reaction with the smallest range of PCR products (87bp to 203bp) was 
selected for optimization.  Keeping the PCR amplicon sizes below 300bp in length, will 
allow successful analysis of evidentiary samples that contain low amounts of DNA, or are 
degraded.  Often mass disasters leave human remains that are literally in pieces or burned 
beyond recognitions (Butler, 2011).  Using smaller amplicons can increase the success of 
analysis with severely degraded samples from bone fragments.  
PCR optimization was performed with the goal of obtaining a nicely balanced 
multiplex PCR reaction with an even amount of PCR product per SNP.  Primer 
concentrations are one of the largest factors in a multiple PCR reaction determining the 
overall yield of each amplicon (Schoske, Vallone, Ruitberg & Butler 2003).  Primer 
concentrations were adjusted per SNP to develop a reaction with more even peak heights 
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and efficient amplification of all eight SNPs.  For this study, primers for 24A4-99, 24A5-
54, IRF-93, and Oca-97 were increased and primers for Herc-32, ASIP-71, MC1R-79, 
and 45A2-82 were decreased in the reaction to see the effect on amplification of SNP and 
peak height. 
Furthermore, the amount of MgCl2 in the reaction proved crucial for successful 
amplification of all eight SNPs.  Lowering the amount of MgCl2 (1 µL-1.5 µL) in the 
reactions resulted in inefficient amplification of all eight SNPs.  On the other hand, 
increasing the amount of MgCl2 in the multiplex reactions yielded too many undesired 
PCR products.  Too much MgCl2 allows the polymerase to ‘slide’ over the template, 
making it imprecise and increasing errors.  As a result, the amount of MgCl2 
concentration recommended by the manufacturer (2µL) provided optimal results and 
were included in the PCR reaction. 
In addition, buffer concentration, cycle number and annealing temperature were 
all adjusted to determine the which would produce the most efficient PCR reaction.  
Because the primers were designed to have similar melting temperatures (60°C + 3) and 
GC content, they were expected to function properly under similar annealing temperature 
conditions.  Testing multiple reactions with annealing temperatures ranging from 53°C-
62°C, resulted in successful amplification of all eight SNPs.  Similar results were 
observed for changing buffer concentration and cycle number.  Electropherogram results 
displayed amplification of all eight SNPs and minimal extraneous peaks.  
 Previously, IrisPlex was the only forensic tool validated for the accurate 
prediction of blue and brown eye colour based on the six currently most eye-colour 
informative SNPs (Walsh et al., 2009).  The multiplex PCR developed from this study 
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was integrated into fast and inexpensive forensic test to predict eye and skin color called 
the 8-plex system.  The newly developed eye- and skin-color predictor utilizing 8 SNPs is 
an improved version of the 7-plex system (Hart et al., 2013).  This assay utilizes all seven 
SNPs from the 7-plex system and with the addition of the eighth SNP, determinations 
regarding blue eye and light skin color significantly improved.  Development of this test 
can greatly advance the identification of human remains and missing persons cases.   
However, additional tests can be performed to determine assay’s robustness.  For 
forensic purposes, sensitivity tests can be performed on this assay to verify the lowest 
amount of template DNA that can be successfully amplified.  By lowering the amount of 
template DNA needed for this reaction, evidence samples with a low amount of DNA can 
be successfully amplified using this reaction.  Degradation studies can be performed to 
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S1. Table of primers previously designed for all 8 SNPS 
 
Gene: MC1R; SNP ID: rs885479; Name designation: MC1R-79 
Primer 
# 
PCR Primer Forward 5’→3’ Primer 
# 
PCR Primer Reverse 5’→3’ 
1F GCA CTG CGC TAC CAC AGC AT  1R CCA GCA TAG CCA GGA AGA AG 
2F GTG GAC CGC TAC ATC TCC AT 2R ACG GCC ATG AGC ACC AGC AT   
3R GAT GAA GAG CGT GCT GAA GA 
 
Gene: HERC2; SNP ID: rs12913832; Name designation: Herc-32 
Primer 
# 
PCR Primer Forward 5’→3’ Primer 
# 
PCR Primer Reverse 5’→3’ 
3F GGC TCT CTG TGT CTG ATC CA 4R TGA TGA TGA TAG CGT GCA GA 
4F GGC CAG TTT CAT TTG AGC AT 5R GGC CCC TGA TGA TGA TAG C   
6R AGA GAA GCC TCG GCC CCT GA   
7R AGT TCA TGT TCC CAC CAT CC 
 
Gene: SLC24A5; SNP ID: rs1426654; Name designation: 24A5-54 
Primer 
# 
PCR Primer Forward 5’→3’ Primer 
# 
PCR Primer Reverse 5’→3’ 
5F TCC TGG CCT TCC CTC ACC CTT T 8R TGA ACT GCC CGC TGC CAT GA 
6F TTC AGC CCT TGG ATT GTC TC 9R CCA CAG GCA GCA CAG ATG CCA 
A 
7F CCC TTG GAT TGT CTC AGG ATG 10R AAT TGC AGA TCC AAG GAT GG   
11R TGA GTA AGC AAG AAG TAT AAG 
GAG CAA 
 
Gene: SLC45A2; SNP ID: rs16891982; Name designation: 45A2-82 
Primer 
# 
PCR Primer Forward 5’→3’ Primer 
# 
PCR Primer Reverse 5’→3’ 
8F TCC AAG TTG TGC TAG ACC AGA 12R CGA AAG AGG AGT CGA GGT TG 
9F GGA ACC CAC TGA TTC CAA GA 13R CCT CAA CAG CCT CCA ATC TC   
14R GAG GTG GAG AAG CAG AGT GC 
 
Gene: SLC24A4; SNP ID: rs12896399; Name designation: 24A4-99 
Primer 
# 
PCR Primer Forward 5’→3’ Primer 
# 
PCR Primer Reverse 5’→3’ 
10F TGC TGC TGC TGG TTG GCA AG  15R AGC AGG CAA GAT GCT CAG GAC 
C 
11F  CTG GCG ATC CAA TTC TTT GT 16R GAC CCT GTG TGA GAC CCA GT   
17R CTT AGC CCT GGG TCT TGA TG 
 
Gene: ASIP; SNP ID: rs6119471; Name designation: ASIP-71 
Primer 
# 
PCR Primer Forward 5’→3’ Primer 
# 
PCR Primer Reverse 5’→3’ 
12F ATG GCG GGT GCC TAC TCT A 18R AGG CTA ACC CGA AGG AAG AG 
 54 
  
19R GCA CTT GAG AGG AGG CTA ACC 
CGA   
20R AGG CTG CAT GAC CTT GCG GA 
 
Gene: IRF4; SNP ID: rs12203592; Name designation: IRF-93 
Primer 
# 
PCR Primer Forward 5’→3’ Primer 
# 
PCR Primer Reverse 5’→3’ 
13F AGG GCA GCT GAT CTC TTC AGG 
CT 
21R CGT CAT ATG GCT AAA CCT GGC 
ACC 
14F GCT TTG TTT CAT CCA CTT TGG 22R TGG AGT GAA CCC TTC ATC AG    
23R TTA GAC TGA CAG CCG AAG CA  
 
Gene: OCA2; SNP ID: rs1545397; Name designation: Oca-97 
Primer 
# 
PCR Primer Forward 5’→3’ Primer 
# 
PCR Primer Reverse 5’→3’ 
15F GCA GTG TGT GAG TGA CTA CTA 
ATG GGT  
24R GCT TTC CTT ACT ATC CTC ACC 
GTG GGT 
16F GAG GAA AGT GTT CTG GAA TTG 
G 
25R TCA CCG TGG GTA GAA TTA CCA 
17F TGG AAT TGG ATA CTG ACA ATG 
G 
  
18F GGC AAA TCC AGG AAC AGA AA 
  
19F CAG CCA AAT GAA ATG AAG CA 
  
 
Table S1. Table of primers previously designed for all 8 SNPS. Primer # is the number designated for each 
forward and reverse primer to differentiate them.  PCR product length for each SNP was determined for 
























S2.  Table of Multiplex Primer Combinations Tested  
A B C D 
SNP bp primers bp primers bp primers  bp primers 
24A4-99 104 11F+17R 104 11F+17R 458 10F+15R 143 11F+15R 
45A2-82 128 8F+12R 128 8F+12R 302 9F+12R 302 9F+12R 
OCA-97 194 17R+25R 194 17R+25R 270 15F+24R 270 15F+24R 
HERC 32 87 3F+5R 87 3F+5R 256 4F+7R 256 4F+7R 
ASIP-71 203 12F+18R 203 12F+18R 214 12F+19R 214 12F+19R 
MC1R-79 157 1F+1R 157 1F+1R 197 2F+2R 197 2F+2R 
 IRF-93 170 14F+22R 170 14F+22R 170 14F+22R 170 14F+22R 
24A5-54 123 6F+11R 118 7F+11R 123 6F+11R 123 6F+11R  
E F G H 
SNP bp primer bp primer bp primer bp primer 
45A2-82 128 8F+12R 128 8F+12R 212 8F+13R 212 8F+13R 
OCA-97 194 17R+25R 194 17R+25R 336 18F+24R 336 18F+24R 
HERC-32 87 3F+5R 87 3F+5R 87 3F+5R 87 3F+5R 
24A5-54 118 7F+11R 118 7F+11R 266 5F+8R 266 5F+8R 
 IRF-93 122 13F+21R 122 13F+21R 122 13F+21R 122 13F+21R 
ASIP-71 203 12F+18R 203 12F+18R 203 12F+18R 203 12F+18R 
MC1R-79 93 1F+3R 157 1F+1R 170 1F+2R 170 1F+2R 
24A4-99 104 11F+17R 104 11F+17R 143 11F+15R 428 10F+17R  
I J K L 
SNP bp primer bp primer bp primer bp primer 
24A4-99 440 10F+16R 458 10F+15R 104 11F+17R 125 11F+16R 
OCA-97 336 18F+24R 336 18F+24R 336 18F+24R 336 18F+24R 
24A5-54 266 5F+8R 266 5F+8R 266 5F+8R 266 5F+8R 
45A2-82 212 8F+13R 212 8F+13R 386 9F+13R 386 9F+13R 
ASIP-71 203 12F+18R 203 12F+18R 203 12F+18R 203 12F+18R 
MC1R-79 170 1F+2R 170 1F+2R 170 1F+2R 170 1F+2R 
 IRF-93 122 13F+21R 122 13F+21R 211 13F+22R 211 13F+22R 
HERC 32 87 3F+5R 87 3F+5R 284 3F+7R 284 3F+7R  
M N O P 
SNP bp primer bp primer bp primer bp primer 
ASIP-71 203 12F+18R 203 12F+18R 203 12F+18R 203 12F+18R 
OCA-97 194 17R+25R 194 17R+25R 194 17R+25R 194 17R+25R 
 IRF-93 122 13F+21R 122 13F+21R 122 13F+21R 170 14F+22R 
MC1R-79 170 1F+2R 93 1F+3R 170 1F+2R 157 1F+1R 
45A2-82 128 8F+12R 128 8F+12R 128 8F+12R 128 8F+12R 
24A5-54 118 7F+11R 118 7F+11R 118 7F+11R 123 6F+11R 
24A4-99 104 11F+17R 104 11F+17R 104 11F+17R 104 11F+17R 
HERC 32 87 3F+5R 97 3F+6R 97 3F+6R 87 3F+5R 
 
